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Abstract
In the model of hidden sector proposed recently, protons and neutrons scatter differently
on cold-dark-matter particles. First, we summarize briefly our model based on a mechanism of
"photonic portal" between hidden and Standard-Model sectors of the Universe. Then, we calcu-
late in an elementary way the differential cross-sections for scattering of protons and neutrons on
sterile Dirac fermions ("sterinos") playing the role of cold-dark -matter particles. They interact
with nucleons through the photonic portal in a somewhat involved but natural manner. Due to
this portal, the differential cross-section for protons displays a Coulomb-like forward singularity.
PACS numbers: 14.80.-j , 04.50.+h , 95.35.+d
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1. Introduction
In this note, we calculate the differential cross-sections for scattering of protons and
neutrons on cold-dark-matter particles in the model [1,2], where cold dark matter consists
of stable sterile Dirac fermions ("sterinos"). They interact weakly in a hidden sector
together with unstable sterile spin-0 bosons ("sterons") via sterile non-gauge mediating
bosons ("A bosons") described by an antisymmetric-tensor field (of dimension one). In
this interaction, sterons are paired with Standard-Model photons, so that a new weak
interaction Lagrangian in the hidden sector reads:
− 1
2
√
f
(
ϕFµν + ζψ¯σµνψ
)
Aµν (1)
with
√
f and
√
f ζ denoting two dimensionless small coupling constants, while Fµν =
∂µAν − ∂νAµ is the Standard-Model electromagnetic field (of dimension two). Here, we
assume that ϕ =<ϕ>vac +ϕph, where <ϕ>vac 6= 0 is a spontaneously nonzero vacuum
expectation value of the steron field. The coupling (1) of photons to the hidden sector
has been called "photonic portal" (to hidden sector). It is an alternative to the popular
"Higgs portal" (to hidden sector) [3].
Together with the A-boson kinetic and Standard-Model electromagnetic Lagrangians,
the new interaction Lagrangian (1) leads to the following field equations for Fµν and Aµν :
∂ν(Fµν +
√
f ϕAµν) = −jµ , Fµν = ∂µAν − ∂νAµ (2)
and
(−M2)Aµν = −
√
f(ϕFµν + ζψ¯σµνψ) , (3)
where jµ stands for the Standard-Model electric current and M denotes a mass scale of
A bosons, expected typically to be large.
The field equations (2) are Maxwell’s equations modified due to the presence of hidden
sector. Such a modification has a magnetic character, since the hidden-sector contribution
to the total electric source current
jµ + ∂
ν(
√
f ϕAµν) (4)
1
for the electromagnetic field Aµ is here a four-divergence not contributing to the total
electric charge
∫
d3x[j0 + ∂
k(
√
f ϕA0k)] =
∫
d3xj0 = Q . (5)
In particular, the nonzero vacuum expectation value <ϕ>vac 6= 0 generates sponta-
neously an effective sterino magnetic interaction
− 1
2
µψ(ψ¯σµνψ)F
µν , (6)
though sterinos are electrically neutral. Here,
µψ =
fζ <ϕ>vac
M2
(7)
is a resulting sterino magnetic moment. The interaction (6) follows as a part of the
effective interaction
− 1
4
f
M2
(
ϕFµν + ζψ¯σµνψ
) (
ϕF µν + ζψ¯σµνψ
)
, (8)
when the low-momentum-transfer approximation
Aµν ≃
√
f
M2
(
ϕF µν + ζψ¯σµνψ
)
(9)
implied by Eq. (3) is used in the interaction (1) with ϕ =<ϕ>vac+ϕph.
∗ The quadratic
form (8) is multiplied by an extra factor 1/2 in order to work as an effective Lagrangian.
The Standard-Model Dirac fermions f (e.g. f = e−, µ−, p, n) interact electromagneti-
cally according to the following interaction Lagrangian:
− ψ¯f (ef γµAµ + 1
2
δµf σ
µνFµν)ψf , (10)
where
δµf =
gf
2
e
2mf
− ef
2mf
,
e2
4π
= α ≃ 1
137
. (11)
∗To avoid this approximation, one may apply in the effective interaction (8) in place of (M2)−1 the
Green’s function (M2−)−1 inserted between both brackets ( ), leading to a nonlocal effective interaction
operator.
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In particular, for protons and neutrons (treated as pointlike particles)
ep = e , δµp ≃ 1.79 e
2mp
; en = 0 , δµn ≃ −1.91 e
2mn
. (12)
In Eq. (10), we have
1
2
σµνF
µν = i ~α · ~E − ~σ · ~B , (13)
where ~α = β ~γ = γ5 ~σ with (γ
µ) = (β,~γ) = (β, β~α). The total magnetic moment of an f
fermion is
µf =
ef
2mf
+ δµf =
gf
2
e
2mf
,
e2
4π
= α ≃ 1
137
, (14)
while
~µf = µf ~σ =
gf
2
e
2mf
~σ . (15)
In particular, µp ≃ 2.79(e/2mp) and µn ≃ −1.91(e/2mn).
2. Scattering of nucleons on sterinos
The current direct detection experiments for cold dark matter (for theoretical aspects
cf. [4,5]) aim to observe recoils of Earth’s detector nuclei scattered on dark-matter par-
ticles during the travel of the Earth through the Galactic halo. From the point of view
of nuclear physics, this is a nonrelativistic scattering problem for nucleons bound within
nuclei moving in a medium of particle cold dark matter and weakly interacting with it by
a postulated new coupling. In this note, we consider this scattering using our model of
hidden sector, where its coupling to Standard-Model sector is provided by the photonic
portal described in Introduction. We study the free nucleon scattering rather than the
nuclear scattering on cold-dark-matter particles, in order to look as close as possible at an
elementary mechanism. Of couse, in realistic detection experiments nucleons are bound
within detector nuclei.
In our model, pointlike protons interact with sterinos (constituting the cold dark
matter) via the part of weak-interaction Lagrangian (1) involving <ϕ>vac 6= 0,
− 1
2
√
f
(
<ϕ>vac Fµν + ζψ¯σµνψ
)
Aµν , (16)
3
together with both parts of electromagnetic interaction Lagrangian (10),
− e ψ¯pγµψpAµ and − 1
2
δµp ψ¯pσ
µνψp Fµν , (17)
while pointlike neutrons do that via the part (16) together with the second part of Eq.
(10) only,
− 1
2
δµn ψ¯nσ
µνψn Fµν . (18)
The interaction (16), when collaborating with the first coupling (17), leads for the
scattering pψ → p′ψ′ to the following S-matrix element (in the obvious notation):
Sel(pψ → p′ψ′) = −i1
4
efζ <ϕ>vac
k2(k2 −M2)
[
1
(2π)12
m2pm
2
ψ
E ′pEpE
′
ψEψ
]1/2
(2π)4 δ4
(
p′p+p
′
ψ−pp−pψ
)
× [u¯′p(p′p)γµup(pp)] 2 [u¯′ψ(p′ψ)σµ ν(p′ψ − pψ)νuψ(pψ)] , (19)
where k = p′p − pp = pψ − p′ψ and, in the next step, the Gordon identity will be used:
i u¯′(p′)σµν(p
′ − p)νu(p) = u¯′(p′) [2mγµ − (p′ + p)µ] u(p) . (20)
In Eq.(19), the factor 2 standing at−u¯′ψ σµ ν kν uψ comes out from the product [(ψ¯pγµψp)Aµ](x) [F ρσ(ψ¯σρσψ)](x′)
giving (1/k2)(u¯′pγ
µup)(g
µσkρ − gµρkσ)(u¯′ψσρσuψ) = (1/k2)(u¯′pγµup)2(−u¯′ψσµνkνuψ).
The collaboration of interaction (16) with the second coupling (17) or with the coupling
(18) provides for the scattering fψ → f ′ ψ′ the following S-matrix element:
Smag(fψ→f ′ψ′) =−i 1
8
δµf fζ <ϕ> vac
k2(k2 −M2)
[
1
(2π)12
m2fm
2
ψ
E ′fEf E
′
ψEψ
]1/2
(2π)4 δ4
(
p′f+p
′
ψ−pf−pψ
)
× 2 [u¯′f(p′f )σµλ(p′f−pf)λuf(pf)] 2 [u¯′ψ(p′ψ)σµν(p′ψ−pψ)νuψ(pψ)] (21)
with f = p or f = n.
Since the fully differential cross-section corresponding to the S-matrix element S(fψ →
f ′ ψ′) is defined as
d6σ(fψ → f ′ ψ′)
d3~p ′fd
3~p ′ψ
=
(2π)6
vrel
∑
u′
f
u′
ψ
1
4
∑
ufuψ
|S(fψ → f ′ ψ′)|2
(2π)4δ4(0)
, (22)
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we get in the case of S-matrix element (19) for protons:
d6σel(pψ → p′ψ′)
d3~p ′pd
3~p ′ψ
=
1
vrel
1
16
(
efζ < ϕ >vac
M2 − k2
)2
1
(2π)2
m2ψ
E ′pEpE
′
ψEψ
δ4
(
p′p+p
′
ψ−pp−pψ
)
× m
2
p
k4
∑
u′pu
′
ψ
∑
upuψ
|(u¯′pγµup)
{
u¯′ψ
[
2mψγµ−(p′ψ+pψ)µ
]
uψ
}|2 . (23)
Evaluating traces in Dirac bispinor indices, we obtain in Eq. (23):
m2p
k4
∑
u′pu
′
ψ
∑
upuψ
| |2 = 1− 2pp · pψ
m2ψ
+ 4
[
m2p −
(pp · pψ)2
m2ψ
]
1
k2
, (24)
where
k2 = (p′p − pp)2 = 2(m2p − p′p ·pp) = 2
(
m2p − E ′pEp + |~p′p||~pp| cos θ′p
)
(25)
with θ′p being the angle between the directions of ~p
′
p and ~pp.
Finally, using the definition of differential cross-section
dσ(fψ → f ′ψ′)
dΩ′f
=
∫
∞
0
~p ′f
2
d|~p ′f |
∫
d3~p ′ψ
d6σ(fψ → f ′ψ′)
d3~p ′f d
3~p ′ψ
, (26)
we calculate in the case of S-matrix element (19) for protons:
dσel(pψ → p′ψ′)
dΩ′p
=
1
vrel
1
16
(
efζ <ϕ>vac
M2 − k2
)2
1
(2π)2
m2ψ~p
′2
p
E ′pEpE
′
ψEψ
d|~p′p|
d(E ′p+E
′
ψ)
×
{
1− 2pp ·pψ
m2ψ
+ 4
[
m2e −
(pp · pψ)2
m2ψ
]
1
k2
}
, (27)
where p′p + p
′
ψ = pp + pψ and dΩ
′
p = 2π sin θ
′
pdθ
′
p.
Further, we calculate this differential cross-section in the centre-of-mass frame, where
~pp + ~pψ = 0 and so, ~p
′
p + ~p
′
ψ = 0. Then, |~p′p| = |~pp| , E ′p = Ep and |~p′ψ| = |~pψ| , E ′ψ = Eψ
as well as
vrel =
|~pp|
Ep
+
|~pψ|
Eψ
=
Ep + Eψ
EpEψ
|~pp| ,
d(E ′p + E
′
ψ)
d|~p′p|
=
|~p′p|
E ′p
+
|~p′ψ|
E ′ψ
=
Ep + Eψ
EpEψ
|~pp| . (28)
In this frame, Eq. (27) gives
5
dσel(pψ →p′ψ′)
dΩ′p
=
1
16
(
efζ <ϕ>vac
M2 − k2
)2
1
(2π)2
m2ψ
(Ep + Eψ)2
×
{
1− (Ep+Eψ)
2−m2p−m2ψ
m2ψ
+4
[
m2p−
(
(Ep+Eψ)
2−m2p −m2ψ
)2
4m2ψ
]
1
k2
}
,
(29)
where
k2 = (p′p − pp)2 = 2
(
m2p − E2p + ~p 2p cos θ′p
)
= −4~p 2p sin2
θ′p
2
. (30)
Since momenta involved in the cold-dark-matter interaction with nuclear detectors
are not larger than a few keV, the nonrelativistic approximation E =
√
~p2 +m2 ∼
m + ~p2/2m ≃ m is adequate. Then, the differential cross-section (29) in the leading
nonrelativistic approximation takes the form
dσel(pψ →p′ψ′)
dΩ′p
≃ 1
16
(
efζ <ϕ>vac
M2
)2
1
(2π)2
m2ψ
(mp+mψ)2
[
1−2mp
mψ
(
1− 1
sin2
θ′p
2
)]
. (31)
We can see that this differential cross-section for protons gets a Coulomb-like forward
singularity provided by our photonic-portal mechanism of interaction between hidden and
Standard-Model sectors of the Universe. This singularity is weaker than in the Rutherford
cross-section.
In a similar way for neutrons, using the S-matrix element (21) with f = n, we get
d6σmag(nψ →n′ψ′)
d3~p′nd
3~p′ψ
=
1
vrel
1
16
(
δµnfζ <ϕ>vac
M2 − k2
)2
1
(2π)2
m2nm
2
ψ
E ′nEnE
′
ψEψ
δ4(p′n+p
′
ψ−pn−pψ)
× 1
k4
∑
u′nu
′
ψ
∑
unuψ
|[¯u′n σµλ(p′n−pn)λ un][¯u′ψ σµν(p′ψ−pψ)ν uψ]|2 , (32)
where, in the next step, it is convenient to apply twice the Gordon identity (20). Then,
evaluating traces in Dirac bispinor indices, we obtain in Eq. (32)
1
k4
∑
u′nu
′
ψ
∑
unuψ
| |2 = 4 + 4(pn ·pψ)
2
m2nm
2
ψ
+
(pn+pψ)
2
m2nm
2
ψ
k2 +
1
4m2nm
2
ψ
k4 , (33)
where
6
k2 = (p′n − pn)2 = 2(m2n − p′n ·pn) = 2
(
m2n − E ′nEn + |~p′n||~pn| cos θ′n
)
. (34)
Finally, the differential cross-section reads
dσmag(nψ →n′ψ′)
dΩ′n
=
1
vrel
1
16
(
δµnfζ <ϕ>vac
M2 − k2
)2
1
(2π)2
m2nm
2
ψ~p
′2
n
(E ′nEnE
′
ψEψ)
2
d|~p′n|
d(E ′n + E
′
ψ)
×
[
4 + 4
(pn ·pψ)2
m2nm
2
ψ
+
(pn+pψ)
2
m2nm
2
ψ
k2 +
1
4m2nm
2
ψ
k4
]
. (35)
In the centre-of-mass frame, where~pn + ~pψ = 0 and so ~p
′
n + ~p
′
ψ = 0, we have |~p′n| = |~pn|,
E ′n = En and |~p′ψ| = |~pψ|, E ′ψ = Eψ as well as
vrel =
En + Eψ
EnEψ
|~pn| ,
d(E ′n + E
′
ψ)
d|~p′n|
=
En + Eψ
EnEψ
|~pn| . (36)
In this frame, Eq. (35) implies
dσmag(nψ →n′ψ′)
dΩ′n
=
1
16
(
δµnfζ <ϕ>vac
M2 − k2
)2
1
(En + Eψ)2
×
{
4 +
[(En + Eψ)
2 −m2n −m2ψ]2
m2nm
2
ψ
+
(En + Eψ)
2
m2nm
2
ψ
k2 +
1
4m2nm
2
ψ
k4
}
,
(37)
where
k2 = (p′n − pn)2 = 2(m2n −E2n + ~p2n cos θ′n) = −4~p2n sin2
θ′n
2
. (38)
The differential cross-section (37) in the leading nonrelativistic approximation becomes
dσmag(nψ → n′ψ′)
dΩ′n
≃ 1
2
(
δµnfζ <ϕ>vac
M2
)2
1
(2π)2
m2nm
2
ψ
(mn +mψ)2
, (39)
giving trivially the integral cross-section in this approximation:
σmag(nψ → n′ψ′) ≃ 1
2π
(
δµnfζ <ϕ>vac
M2
)2 m2nm2ψ
(mn +mψ)2
, (40)
where δµn = µn = (gn/2)(e/2mn) and so,
1
2
(
δµnfζ <ϕ>vac
M2
)2
m2n =
1
8
(gn
2
)2(efζ <ϕ>vac
M2
)2
. (41)
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It can be seen from the differential cross-section (37) or (39) for neutrons that, in
contrast to the case of protons, it does not get a Coulomb-like forward singularity. The
same is true in the case of protons for the differential cross-section dσmag(pψ → p′ψ′)/dΩ′p
which takes the form analogical to (37) or (39) but with f = n replaced by f = p, where
δµp = µp − e/2mp = (gp/2− 1)(e/2mp).
However, in the case of protons, in their differential cross-section there is still a third
term implied by the interference in the expression |Sel+Smag|2 = |Sel|2+|Smag|2+(SelS∗mag+
SmagS
∗
el). After an elementary calculation, we obtain in the centre-of-mass frame, where
~pp + ~pψ = 0, the following interference differential cross-section:
dσelmag(pψ → p′ψ′)
dΩ′p
=
1
16
e δµp (fζ<ϕ>vac)
2
M4
1
(2π)2
mpm
2
ψ
(Ep + Eψ)2
(
8 +
m2p +m
2
ψ
m2pm
2
ψ
k2
)
,
(42)
where
k2 = (p′p − pp)2 = 2
(
m2p −E2p + ~p2p cos θ′p
)
= −4~p′ 2p sin
θ′
2
. (43)
Hence, in the leading nonrelativistic approximation
dσelmag(pψ → p′ψ′)
dΩ′p
≃ 1
2
e δµp(fζ <ϕ> vac)
2
M4
1
(2π)2
mpm
2
ψ
(mp +mψ)2
, (44)
with
1
2
e δµp (fζ <ϕ> vac)
2
M4
mp =
1
4
(gp
2
− 1
)(efζ <ϕ>vac
M2
)2
, (45)
The sum of three differential cross-sections in the case of protons gives in the leading
nonrelativistic approximation the following formula (see Eqs. (31), (39) with f = p in
place of f = n and (44)):
(
dσel
dΩ′p
+
dσmag
dΩ′p
+
dσelmag
dΩ′p
)
(pψ→p′ψ′) ≃ 1
16
(
efζ <ϕ> vac
M2
)2
1
(2π)2
m2ψ
(mp+mψ)2
×
[
1−mp
mψ
(
1− 1
sin2
θ′p
2
)
+2
(gp
2
−1
)2
+4
(gp
2
−1
)]
.
(46)
Here, gp/2 − 1 ≃ 1.79, while gn/2 ≃ 1.91 in Eqs. (39) with (41). Of course, the first
partial cross-section in Eq. (46) displays a Coulomb-like forward singularity.
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Introducing an experimental uncertainty |k2|min for measurement of small momen-
tum transfers |k2| = 4~p2p sin2(θ′p/2) at fixed ~p2p, we get a minimal angle θmin defined as
sin2(θmin/2) = |k2|min/(4~p2p). Then, denoting the lhs of Eq. (46) by dσ(pψ → p′ψ′)/dΩ′p ,
we integrate trivially over θ′p from θmin to π obtaining
σ(pψ → p′ψ′) ≃ 1
16
(
efζ <ϕ> vac
M2
)2
1
(2π)2
m2ψ
(mp +mψ)2
×
{
4π
[
1−mp
mψ
+ 2
(gp
2
− 1
)2
+ 4
(gp
2
− 1
)]
+ 4
mp
mψ
ln
4~p2p
|k2|min
}
. (47)
Perhaps, a theoretical estimate of minimal |k2|min may be proposed.
3. Final remarks
In our model, stable sterinos are candidates for thermal cold dark matter [1] displaying
experimentally the relic abundance ΩDM h
2 ≃ 0.11 [6]. If we take the sterino-pair annihi-
lation channels ψ¯ψ → ϕphγ and ψ¯ψ → f¯ f with f = e−, µ−, τ−, u, d, c, s, t, b (or without
t when mψ ≪ mt) as dominating over the total sterino-pair annihilation cross-section
σann(ψ¯ψ), and require that <σann(ψ¯ψ)2vψ>∼ pbarn (pbarn = 10−36cm2) in consistency
with ΩDM h
2 ≃ 0.11 (i.e., that sterinos are WIMP’s), we estimate
mψ ∼ (13 to 770) GeV (48)
under the tentative assumption that
m2ψ ∼ (10−3 to 1) <ϕ>2vac∼ m2ϕ , M2 ∼<ϕ>2vac , (49)
and, boldly,
f ∼ e2 = 4πα ≃ 0.0917 , ζ ∼ 1 (50)
(for the method, cf. the third Ref. [1]). This gives
M ∼ (400 to 770) GeV . (51)
Here, masses of active leptons and quarks are neglected versus Eψ ∼ mψ.
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Then,we can estimate the nonsingular part of proton elastic cross-section σ(pψ→p′ψ′)
given in Eq. (47) as
σmag(pψ→ p′ψ′)+σelmag(pψ→p′ψ′) = 1
8π
(
efζ <ϕ>vac
M2
)2 m2ψ
(mp+mψ)2
[(gp
2
−1
)2
+2
(gp
2
−1
)]
∼ 8π
2α3
M2
[(gp
2
− 1
)2
+ 2
(gp
2
− 1
)]
= (13 to 3.5)×10−10 1
GeV2
= (5.1 to 1.4)×10−37cm2 (52)
and, similarly, the neutron elastic cross-section presented in Eqs. (40) with (41) as
σmag(nψ→ n′ψ′) ∼ (2.7 to 0.73)×10−37cm2.
This tentative result may seem to be too large in view of the very recent CoGeNT
direct detection experiment ([7], see also [4]), suggesting for (spin-independent) nucleon
elastic cross-section on dark matter the approximate figure of ∼ 10−40 cm2, and for dark-
matter mass the range 5-10 GeV roughly. Thus, in the case of spin-independent nucleon
cross-sections, such a comparison may mean that the tentative interval 10−3 to 1 in Eq.
(49) ought to be extended and/or the bold value (50) for f diminished. Otherwise, it may
turn out that the spin dependence of nucleons within nuclei cannot be simply averaged in
scattering on dark matter and so, nucleon cross-sections be treated as spin-independent.
At the end, we would like to underline once more the physical meaning of the new weak
interaction (1) that, due to the presence of hidden sector, modifies the Standard-Model
electromagnetism, leading to the total electric source current(4). The latter includes the
contribution from the hidden sector,
δjµ = ∂
ν(
√
f ϕAµν), (53)
which has a generalized magnetic character related to its four-divergence form. Note
that the interaction Lagrangian (1) with Fµν = ∂µAν − ∂νAµ can be rewritten, up to a
four-divergence term, as
− δjµAµ − 1
2
√
f ζψ¯σµνψA
µν . (54)
This weak interaction Lagrangian together with the Standard-Model electromagnetic in-
teraction −jµAµ gives the modified electromagnetic interaction (including the correlated
interaction of ψ and ψ¯ with Aµν):
10
− (jµ + δjµ)Aµ − 1
2
√
f ζψ¯σµνψA
µν . (55)
Here, of course,
∂µ(jµ + δjµ) = 0 (56)
with ∂µδjµ = 0 satisfied identically due to the antisymmetry of Aµν . The modified
electromagnetic interaction (55), working both in the hidden and Standard Model sectors,
defines and physically explains the mechanism of photonic portal as a collaboration of
couplings jµA
µ and δjµA
µ (via Aµ) as well as δjµA
µ and (
√
f ζ/2)ψ¯σµνψA
µν (via Aµν).
The mechanism of photonic portal to hidden sector, described in this note, may be
embedded as a leading phenomenon in a more extended new weak interaction displaying
electroweak symmetry, spontaneously broken by the Standard-Model Higgs coupling (cf.
the fourth Ref. [1]).
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